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the level of SAPK/JNK activation. This may have implicationsMesangial cell signaling cascades in response to mechanical
in diabetic signal transduction and matrix protein production.strain and glucose.
Background. Elevated glucose levels and glomerular hyper-
tension (Pgc) are considered to contribute to the elaboration
of matrix protein by mesangial cells (MCs) in diabetic glomer- Clinical and experimental diabetic nephropathy isuli. MCs grown in 30 mm of glucose produce excessive matrix
characterized by kidney and glomerular enlargementprotein, as do MCs exposed to cyclic strain, and the combina-
and initial increases in the single nephron glomerulartion of the two exacerbates this. Tight glucose control or reduc-
tion in Pgc clinically delays progression of diabetic nephrop- filtration rate (GFR) [1], followed by glomerular capil-
athy. MC c-fos is induced in response to either application of lary basement membrane thickening and accumulation
strain or high ambient glucose, inducing increases in activated of matrix components [2]. Diffuse and nodular diabeticprotein-1 transactivational activity and extracellular matrix pro-
glomerulosclerosis is the end result of this injurious pro-duction. Stimuli that lead to c-fos induction pass through the
cess, leading eventually to renal failure.three mitogen-activated protein (MAP) kinase pathways: p44/42,
SAPK/JNK, and p38/HOG. We studied MAP kinase activation The study of the pathogenesis of this disease has con-
in MCs exposed to mechanical strain and a high glucose. centrated on the roles of glucose and glomerular hyper-
Methods. MCs (passage 5 through 10) cultured for 96 hours tension (elevated Pgc). Several lines of evidence impli-
on type 1 collagen-coated flexible-bottom plates in either 5.6
cate glucose in the pathogenesis of diabetic glomerularor 30 mm glucose were exposed to 5, 10, or 30 minutes of cyclic
disease. Kreisberg et al showed that high glucose in-strain (60 cycles per min) by computer-driven generation of
vacuums of 214 kPa, inducing 20% elongation in the diameter creased the synthesis of the extracellular matrix (ECM)
of the surface. Control MCs were grown on both coated rigid proteins fibronectin, laminin, and type IV collagen in
and flexible-bottom plates. Protein levels (by Western blot) mesangial cell (MC) cultures [3, 4]. Others have shown
and activity assays for all three kinase cascades were performed
increases in the production and activity of transformingat baseline and after 5, 10, and 30 minutes. All experiments
growth factor-b1 (TGF-b1), a cytokine important in thewere performed in triplicate.
stimulation of matrix protein production, in MCs ex-Results. MAP kinase signaling was seen in response to stretch,
and high ambient glucose affected the pattern of activation. posed to high glucose concentrations [5]. The Diabetes
Both p44/42 and p38HOG kinase activities showed small in- Control and Complications Trial showed that intensive
creases to a maximum of 2.5- to 3.5-fold greater than static insulin therapy in type 1 diabetes mellitus could delay theMCs at 10 minutes. Activity in both kinase cascades was slightly
onset and slow the progression of diabetic nephropathy,suppressed by 30 mm glucose. In contrast, SAPK/JNK activity
implicating glucose as an important mediator in diabeticwas present at a very low level in static MCs and increased
markedly by 10 minutes of stretch. Thirty micromolars of glu- kidney injury [6].
cose augmented this effect by a factor of six over MCs cultured Similarly, elevated Pgc plays a role in the genesis of
in 5.6 mm glucose after 10 minutes of stretch. Neither glucose diabetic kidney injury. Micropuncture data have shownconcentration nor mechanical strain had any effect on the pro-
rises in Pgc in diabetic rat glomeruli [7], and preventiontein expression of any of the kinases by Western blot.
of this by blockade of the renin-angiotensin systemConclusions. MAP kinase cascade signaling is seen when
physical force is applied to MCs, and glucose affects the pattern (RAS) ameliorates glomerular injury experimentally [1]
of activity. Thirty micromolars of glucose markedly increase and clinically [8]. Taken together, these studies suggest
that hemodynamic factors are also important in the de-
velopment of diabetic renal disease. Recently, the cellu-Key words: signal tranduction, mitogen activated protein kinase, hy-
pertension, diabetes, matrix protein. lar basis for this interaction has been explored by Riser
et al. They showed that mechanical strain and high glu-Received for publication December 8, 1998
cose had additive effects on MC TGF-b1 and collagenand in revised form April 16, 1999
Accepted for publication June 14, 1999 production [9]. The signaling pathways responsible for
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Early studies by Akai et al showed that mechanical stretched) cells were studied after the same growth and
quiescence protocols, using both rigid and flexible-bot-strain increased c-fos expression in MCs [10], whereas
tom type I collagen-coated plates.Kreisberg et al demonstrated that high glucose could
also result in MC c-fos and c-jun induction [11]. Our
Protein isolationlaboratory has observed early induction of c-fos and
Cellular levels of p44/42, JNK/SAPK, and p38 MAPc-jun in diabetic rat glomeruli [12]. The c-fos and c-jun
kinase proteins were determined in stretched and un-proteins, along with other jun proteins such as junB and
stretched control cells at baseline (after a total of 96 hrjunD, are members of the activated protein-1 (AP-1)
in the respective glucose environments) and then at 5, 10,family of transcription factors, and a heterodimeric inter-
and 30 minutes after the application of stretch. Briefly, ataction between fos and jun proteins allows for binding
the end of each time point, media were removed, and theto consensus DNA sequences in the regulatory elements
cells were washed once with ice-cold phosphate-bufferedof certain genes, called AP-1 or tetradecanoylphorbol
saline. Phosphate-buffered saline was then removed andacetate (TPA)-responsive sites [13]. Wilmer and Cosio
cells were harvested under nondenaturing conditions onpostulated that the increase in TGF-b1 synthesis was
ice by incubation for five minutes with 0.5 ml 1 3 ice-mediated through the induction of AP-1 transcription
cold cell lysis buffer [20 mm Tris (pH 7.4), 150 mm NaCl,factor activity and showed increases in AP-1 binding in
1 mm ethylenediaminetetraacetic acid (EDTA), 1 mmMCs grown in 30 mm of glucose [14].
egtazic acid (EGTA), 1% triton, 2.5 mm Na pyrophos-We have recently reported early mitogen-activated
phate, 1 mm b-glycerophosphate, 1 mm Na orthovana-protein kinase (MAPK) pathway activation in MCs ex-
date, 1 mg/ml leupeptin] and 1 mm phenylmethylsulfonylposed to cyclic strain, but the interaction between glu-
fluoride (PMSF). Cells were then scraped into microcen-cose and stretch has not been extensively studied. Ac-
trifuge tubes on ice and sonicated four times for fivecordingly, we examined activation of the three MAP
seconds each. After microcentrifugation at 14,000 r.p.m.kinase cascades: p44/42 MAPK, p38HOG MAPK, and
for 10 minutes at 48C, the supernatant was transferredstress activated protein kinase (SAPK/JNK) in MCs
to a fresh microcentrifuge tube. The protein concentra-stretched in normal-glucose (5.6 mm) and high-glucose
tion was measured with the Bio-Rad (Richmond, CA,(30 mm) conditions.
USA) assay kit as mentioned earlier in this article.
Western blotting for mitogen-activated protein kinase,METHODS
SAPK/JNK, and p38HOG
Cell culture
Forty micrograms of sample were then separated on
Sprague-Dawley rat MCs were cultured in Dulbecco’s a 12% sodium dodecyl sulfate-polyacrylamide gel elec-
modified Eagle’s medium (DMEM) supplemented with trophoresis (SDS-PAGE) gel. After electroblotting to a
20% fetal calf serum (FCS; GIBCO BRL, Grand Island, nitrocellulose membrane (Protran, Schleicher and Schuell,
NY, USA), streptomycin (100 mg/ml), penicillin (100 Keene, NH, USA), membranes were incubated for three
U/ml), and 2 mm glutamine at 378C in 95% air/5% CO2 hours at room temperature with 25 ml of blocking buffer
as described previously [15]. Experiments were carried (1 3 TBS, 0.1% Tween-20 with 5% wt/vol nonfat dry
out in cells between passages 5 through 10. milk) and then overnight at 48C with p44/42 MAPK (thr
202/tyr 204) polyclonal antibody (1:1000), SAPK/JNKApplication of stretch/relaxation
polyclonal antibody (1:1000), or p38 MAPK polyclonal
Mesangial cells (2 3 106/well) were plated onto six- antibody (1:1000; all New England Biolabs, Beverly,
well plates with either a rigid or flexible bottom coated MA, USA) in 10 ml of antibody dilution buffer [1 3
with bovine type I collagen (Flexcell International Corp., TBS, 0.05% Tween-20 with 5% bovine serum albumin
McKeesport, PA, USA). Cells were grown to confluence (BSA)] with gentle rocking overnight at 48C. Membranes
for 72 hours in either 5.6 mm or 30 mm and were then were then washed three times with TTBS and then incu-
rendered quiescent by incubation for 24 hours in DMEM bated with horseradish peroxidase-conjugated antirabbit
with 0.5% FCS under the same glucose conditions. Some secondary antibody (1:2000) in 10 ml of blocking buffer
of the flexible-bottom plates were then exposed to cycles for 45 minutes at room temperature. After three further
of stretch/relaxation for periods of 5, 10, and 30 minutes Tris-buffered saline washes, the membrane was incu-
by exposure to a cyclic vacuum generated by a computer- bated with LumiGlo reagent (KPL Inc., Gaithersburg,
driven system (Flexercell Strain Unit 2000; Flexcell Co.). MD, USA) and then exposed to x-ray film (X-OMAT;
Plates were exposed to continuous cycles of stretch/re- Eastman Kodak, Rochester, NY, USA).
laxation, with each cycle being 0.5 seconds of stretch and
Mitogen-activated protein kinase activity assays0.5 seconds of relaxation, for a total of 60 cycles per
minute. The vacuum was 214 kPa and induced a 20% Immunoprecipitation. After protein isolation from to-
tal cell lysate, as discussed earlier in this article, 200 mgelongation in the diameter of the surface. Control (un-
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Fig. 1. Representative autoradiographs of
p44/42 mitogen-activate protein (MAP) kinase
protein expression by Western blot. Bands mi-
grated to the expected 42 and 44 kD and, conse-
quently, are difficult to separate. Densitome-
try of the Western blot revealed no significant
difference in p44/42 MAP kinase protein lev-
els at any time point (data not shown).
total protein were then incubated with either p44/42 “Pull-down” SAP kinase assay
MAPK (thr 202/tyr 204) monoclonal antibody (1:200) or After protein isolation, as discussed earlier in this arti-
p38 MAPK antibody (1:100; both New England Biolabs) cle, 2 mg of c-Jun fusion protein beads (New England
with gentle rocking overnight at 48C. Protein sepharose Biolabs) were added to 250 mg of cell lysate protein and
A beads (20 ml of 50% beads) were then added, and the incubated overnight at 48C. Lysate was then centrifuged
gentle rocking continued for three further hours. Lysate for 30 seconds to recover the beads and was washed
was then microcentrifuged for 30 seconds at 14,000 r.p.m.
twice with 1 3 lysis buffer as discussed earlier in this
to recover the beads, and the pellet was washed twice
article. The pellet was then resuspended in kinase bufferwith 0.5 ml of 1 3 lysis buffer.
and boiled as previously. Twenty microliters of samplep44/42 and p38HOG mitogen-activated protein kinase
were run on a 12% SDS-PAGE gel. Blotting and detec-activity assays. Activity of p44/42 and p38 MAP kinase
tion were as discussed earlier in this article, except thatenzymes was determined in stretched and unstretched
the primary antibody was phospho-specific c-Jun (ser63)control cells at baseline and then at 5, 10, and 30 minutes
at a 1:1000 dilution.after the application of stretch using the respective
MAPK assay kits (New England Biolabs Inc.).
For the kinase assay, after immunoprecipitation, pel-
RESULTSlets were washed twice with 0.5 ml kinase buffer [25
p44/42 mitogen-activated protein kinase expressionmm Tris, 5 mm b-glycerophosphate, 2 mm dithiothreitol
and activity(DTT), 0.1 mm Na orthovanadate, 10 mm MgCl2]. p44/42
MAPK activity was then performed by suspending the Mesangial cells were grown in 5.6 mm or 30 mm glucose
pellet in 50 ml of 1 3 kinase buffer, with 200 mm adenosine for 72 hours prior to growth arrest. After 24 hours of
59-triphosphate (ATP) and 2 mg Elk1 fusion protein, growth arrest in 0.5% FCS, cells were subjected to me-
and p38 activity by using 2 mg ATF-2 fusion protein as chanical strain designed to elicit 20% elongation. West-
substrate, and a phospho-specific anti–ATF-2 antibody ern blot analysis of p44/42 protein showed that preincu-
as the primary antibody. After incubation for 30 minutes bation with 30 mm glucose did not influence p44/42
at 308C, the reaction was terminated with 25 mm 3 3 MAPK expression (Fig. 1), and neither did the applica-
SDS sample buffer [187.5 mm Tris-HCl (pH 6.8), 6% tion of mechanical strain. Cell lysates were then sub-
wt/vol SDS, 30% glycerol, 150 mm DTT, 0.3% wt/vol jected to immunoprecipitation with p44/42 MAPK (thr
bromphenol blue], boiled for five minutes, vortexed, and 202/tyr 204) monoclonal antibody, and p44/42 MAPK
then microcentrifuged for two minutes. Twenty microli-
activity was measured by Western blot analysis of the
ters of sample were then run on an SDS-PAGE gel. After
phosphorylation of a target Elk-1 fusion protein by theblotting to nitrocellulose, membranes were incubated for
immunoprecipitate using a phospho-specific anti–Elk-1three hours at room temperature with 25 ml of blocking
(ser 383) antibody. Preincubation with 30 mm glucosebuffer (1 3 TBS, 0.1% Tween-20 with 5% wt/vol nonfat
for 96 hours did not lead to an increase in basal p44/42dry milk) and then overnight at 48C with phospho-spe-
activity in MCs grown on type 1 collagen on either rigidcific anti-Elk1 (ser 383) antibody (p44/42 MAPK activity)
or flexible-bottom plates (Fig. 2). As expected, 20% elon-or phospho-specific anti-ATF-2 (thr71) antibody (p38
gation led to a twofold to threefold increase in p44/42activity) 1:1000 in 10 ml of antibody dilution buffer (1 3
MAPK activity in 5.6 mm glucose, peaking 10 minutesTBS, 0.05% Tween-20 with 5% BSA). Gels were washed
after the initiation of strain (Fig. 2). A smaller increasethree times with TTBS and then incubated with horse-
in p44/42 activity was observed in response to mechanicalradish peroxidase-conjugated anti-rabbit secondary anti-
strain when MCs were grown in 30 mm glucose, althoughbody (1:2000) for one hour at room temperature. After
the time course was the same, with activity peaking atthree further Tris-buffered saline washes, the membrane
10 minutes (Fig. 2). Densitometry of these activity valueswas incubated with LumiGlo reagent (KPL Inc.) and
then exposed to x-ray film (X-OMAT; Kodak). are presented graphically in Figure 3.
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Fig. 2. Representative autoradiographs of p44/42 MAP kinase activity by Western blot of immunoprecipitates from cell lysates after incubation
with an Elk-1 fusion protein. The expected molecular weight of the phosphorylated substrate, Elk-1, is 40 kD. (Left panel) In 5.6 mm glucose,
application of 214 kPa mechanical strain (20% elongation) to mesangial cells led to an increase in p44/42 MAP kinase activity of 2.5-fold over
baseline at 10 minutes. (Right panel) In 30 mm glucose, application of 214 kPa mechanical strain (20% elongation) to mesangial cells led to an
increase in p44/42 MAP kinase activity to about twofold over baseline at 10 minutes. Absolute levels of activity were lower in 30 mm glucose at
all time points when compared with 5.6 mm glucose. Experiments were performed in triplicate.
after the initiation of strain (Fig. 5). Very little p38 HOG
MAPK activity was observed in response to mechanical
strain when MCs were grown in 30 mm glucose. Densi-
tometry of these activity values are presented graphically
in Figure 6.
SAPK/JNK protein and activity
Finally, we sought to determine the effect of stretch
and glucose on SAPK/JNK expression and activity. MCs
were grown in 5.6 mm or 30 mm glucose for 72 hours
prior to growth arrest. After 24 hours of growth arrest
in 0.5% FCS, cells were subjected to mechanical strain
designed to elicit 20% elongation. Western blot analysis
of SAPK/JNK protein showed that preincubation with
Fig. 3. Densitometry of p44/42 MAP kinase activity data. Bars show 30 mm glucose did not influence SAPK/JNK expressionp44/42 MAP kinase activity in mesangial cells stretched at 214 kPa
(Fig. 7), and neither did the application of mechanical(20% elongation) in either 5.6 mm ( ) or 30 mm ( ) glucose (N 5 3
for each experiment). strain. SAPK/JNK activity was measured by Western
blot analysis of the phosphorylation of a target c-Jun
fusion protein by the cell lysate using a phospho-specific
anti–c-Jun antibody for detection. Preincubation with 30
p38HOG MAP kinase expression and activity mm glucose for 96 hours did not lead to an increase in
We next sought to determine the effects of stretch and basal SAPK/JNK activity in MCs grown on type 1 colla-
glucose on p38HOG MAP kinase activity. MCs were gen on either rigid or flexible-bottom plates (Fig. 8). A
grown in 5.6 mm or 30 mm glucose for 72 hours prior to marked and significant increase (P , 0.01 when com-
growth arrest. After 24 hours of growth arrest in 0.5% pared with baseline) in SAPK/JNK activity was found
FCS, cells were subjected to mechanical strain designed in cells stretched in 30 mm glucose, which appeared at
to elicit 20% elongation. Western blot analysis of p38 5 minutes and peaked at 10 minutes (Fig. 8). Although
protein showed that preincubation with 30 mm glucose a similar time course of changes was seen in MCs
did not influence p38 HOG MAPK expression (Fig. 4), stretched in 5.6 mm glucose, the quantitative increase in
and neither did the application of mechanical strain. Cell activity was much less than that observed in MCs grown
lysates were then subjected to immunoprecipitation with in high (30 mm) glucose media (P , 0.01 at all time points
p38 MAPK monoclonal antibody, and p38 MAPK activ- after stretch application). These densitometry data are
ity was measured by Western blot analysis of the phos- presented graphically in Figure 9.
phorylation of a target ATF-2 fusion protein by the im-
munoprecipitate using a phospho-specific anti–ATF-2
DISCUSSIONantibody. Preincubation with 30 mm glucose for 96 hours
did not lead to an increase in basal p38 HOG MAPK The regulation of gene transcription in cells of the
diabetic glomerulus has not been fully elucidated, but aactivity in MCs grown on type 1 collagen on either rigid
or flexible-bottom plates (Fig. 5). Twenty percent elon- series of recent studies has focused on the proto-onco-
genes c-fos and c-jun, which together constitute the AP-1gation led to a twofold to threefold increase in p38 HOG
MAPK activity in 5.6 mm glucose, peaking 10 minutes transcription factor. We have shown sustained c-jun tran-
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Fig. 4. Representative autoradiographs of p38-
HOG kinase protein expression by Western
blot. The product appears as a 38 kD band.
Densitometry of the Western blot revealed no
significant difference in p38 HOG kinase pro-
tein levels at any time point (data not shown).
Fig. 5. Representative autoradiographs of p38-
HOG MAP kinase activity by Western blot of
immunoprecipitates from cell lysates after incu-
bation with an ATF-2 fusion protein. The ex-
pected molecular weight of the phosphorylated
substrate, ATF-2, is 35 kD. (Left panel) In 5.6
mm glucose, application of 214 kPa mechanical
strain (20% elongation) to mesangial cells led
to an approximate fivefold increase in p38HOG
MAPK activity by 10 minutes, although absolute
values were small. (Right panel) In 30 mm glu-
cose, application of 214 kPa mechanical strain
(20% elongation) to mesangial cells resulted in
no increase in p38 HOG kinase activity through
to 30 minutes. Experiments were performed in
triplicate.
found that the application of mechanical strain to MCs
led to increases in c-fos transcripts by 30 minutes [10].
Following this, increases in types I and IV collagen, lami-
nin, and fibronectin synthesis were demonstrated in
stretched MCs, linking physical forces to the production
of ECM protein [16]. We have reported that p44/42
MAPK and p38 MAPK, but not SAPK/JNK, were acti-
vated in response to cyclic stretch for up to two hours
following the initiation of strain in a physiologic (5.6
mmol) glucose medium [17].
Taken together, these studies provide a rationale for
studies of metabolic and hemodynamic determinants of
glomerular injury in diabetes. Our hypothesis was that met-
abolic (high glucose) and hemodynamic (cyclic stretch)
Fig. 6. Densitometry of p38 HOG MAP kinase activity data. Bars would have additive and/or synergistic effects on kinaseshow p38 HOG MAP kinase activity in mesangial cells stretched at –14
cascades in MCs. Our first observation was that MCskPa (20% elongation) in either 5.6 mm ( ) or 30 mm ( ) glucose (N 5
3 for each experiment). cultured on a matrix of type 1 collagen on either rigid
or flexible-bottom plates and exposed to 30 mm glucose
for up to 96 hours did not display increases in basal
MAPK activity cascades over MCs exposed to physio-scriptional induction in diabetic kidney after one week
logic (5.6 mm) glucose concentrations. Moreover, the[12] and transient c-fos induction, suggesting that AP-1
protein expression of p44/42, p38 HOG, and SAPK/JNKmay play an important role in the initial regulation of
MAP kinases were not changed by exposure of MCs togene expression in the early phase of diabetic glomerular
30 mm glucose. Conversely, prompt activation of all threehypertrophy. In accord with this observation, Kreisberg
kinase cascades was seen in response to stretch in bothet al found c-jun transcription to be sustained in vitro
5.6 and 30 mm concentrations of glucose. In contrastwith exposure of MCs to 30 mm glucose [11].
to p44/42 and p38 HOG kinases, however, SAPK/JNKHyperglycemia is necessary, but not sufficient, for the
activation was potentiated greatly by 30 mm glucose.development of diabetic nephropathy. Experimental [7]
Signal transduction from the cell surface to the nucleusand clinical [8] studies support the view that hemody-
and subsequent activation of c-fos and c-jun occursnamic factors play an important role in the pathogenesis
of diabetic glomerulopathy. In this regard, Akai et al through a cascade of reactions involving protein phos-
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Fig. 7. Representative autoradiographs of SAPK/
JNK protein expression by Western blot. Two
isoforms exist, with expected product sizes 46
and 54 kD. Densitometry of the Western blot
revealed no significant difference in SAPK/
JNK protein levels at any time point (data not
shown).
Fig. 8. Representative autoradiographs of SAPK/JNK activity by Western blot of immunoprecipitates from cell lysates. The in vitro activity
SAPK/JNK was measured using a “pull-down” assay with c-Jun as bait and a phospho-specific anti-Jun antibody for detection. The expected
molecular weight of the phosphorylated substrate, c-Jun, is 33 kD. (Right panel) In 5.6 mm glucose, application of 214 kPa mechanical strain
(20% elongation) to mesangial cells resulted in a small increase of SAPK/JNK activity at 10 minutes. (Left panel) In 30 mm glucose, application
of 214 kPa mechanical strain (20% elongation) to mesangial cells resulted in a marked increase of SAPK/JNK activity, which reached a maximal
value at 10 minutes. Experiments were performed in triplicate.
change induced by interaction with membrane bound
Ras [22]. Raf-1 may also be activated in the absence of
interaction with Ras via protein kinase C (PKC), which
can phosphorylate Raf-1 directly [23]. PKC activation
has been demonstrated in MCs cultured in high glucose
and diabetic glomeruli [24]. The induction of AP-1 DNA
binding in response to high glucose in MCs was at least
partially PKC dependent, lending experimental support
to this proposed series of events [14]. The time course
is important: c-fos transcripts are elevated up until 24
hours in MCs exposed to high glucose [11] or in diabetic
glomeruli [12], but they return to normal or below base-
line by 48 hours to 5 days [25]. However, AP-1 DNA
binding is still increased at five days and later [14], sug-Fig. 9. Densitometry of SAPK/JNK activity data. Bars show SAPK/
JNK activity in mesangial cells stretched at 214 kPa (20% elongation) gesting that effects on c-jun, the other member of the
in either 5.6 mm ( ) or 30 mm ( ) glucose (N 5 3 for each experiment). AP-1 heterodimer, might be important.
The c-Jun-N-terminal (JNK) kinase cascade, or stress-
activated protein kinase (SAPK) pathway, also displays
proline specificity in the dual phosphorylation of threo-phorylation on threonine and tyrosine residues by up-
nine and tyrosine residues [20]. At the ERK level, SAPKstream dual-specificity kinases [18]. In general, these
(JNK) mediates translational activation of c-Jun by phos-pathways consist of three modules: an ERK, activated
phorylating it at serines 63 and 73 in a specific processby a MEK, which in turn is activated by a MEK kinase
involving a stable SAPK:c-Jun complex [26]. The induc-(MEKK). The archetypal pathway, p44/42, is strongly
tion of c-jun transcription is also SAPK/JNK dependentactivated by growth factors. Phosphorylation of ERK in
via a cis-TRE element, which is constitutively occupiedthe p44/42 cascade in turn leads to phosphorylation of
by c-Jun protein and ATF-2 as a heterodimer [27], andternary complex factor (Elk-1), resulting in formation of
transcription is stimulated when these proteins are phos-the ternary complex and induction of c-fos transcription
phorylated in situ following exposure of the cell to stimuli[19]. Upstream of the ERKs and responsible for their
that activate SAPK/JNK as described earlier in this arti-phosphorylation is MEK-1/-2 (MAP kinase/ERK ki-
cle [28]. ATF-2 is also phosphorylated in its N-terminalnase) [20, 21], which is, in turn, activated by the serine
domain by SAPK/JNK pathway activation, which po-threonine kinase Raf-1 [21], at the MEKK level. Raf-1,
in turn, appears to be activated by a conformational tentiates the transcription inducing activity of ATF-2 [29].
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